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Abstract
The large integration of wind energy into electrical systems poses important challenges to the power operators in the
scheduling of the production and in the management of the network. This leads to the necessity to modify the current
industry procedures, such as the Unit Commitment (UC) and the Economic Dispatch (ED), to take into account large
amounts of wind power production. Even if an exhaustive literature exists on the general Unit Commitment problem,
devoted on how to improve its mathematical formulation and its solution algorithm, the research that considers the Unit
Commitment problem with wind generators is limited. In this work, a new Unit commitment model in presence of wind
energy resources has been deﬁned and analyzed, in order to formulate and solve the problem of determining the best
conﬁguration (optimal mix) of available thermal, hydro and wind power plants, taking into account proper emission
considerations and the risk associated with the use of wind turbines.
© 2011 Published by Elsevier Ltd.
Keywords: energy generation systems, Unit Commitment Problem, wind energy sources, emission constraints, risk
control.
1. Introduction
The integration of wind energy sources into conventional electrical system is growing in importance,
and particular attention must be devoted to the related practical operational aspects. In order to perform this
integration, Gardiner et al. [3] presented a simpler approach to operate a power systemwith wind generation,
called ‘fuel-saver’ approach. According to this approach, the utilities vary the output of their conventional
power plants in order to compensate the uncertain output of the wind power plants, resulting in greater fuel
and operational costs. This simple approach presents few drawbacks. In fact, it assumes that wind generation
has a capacity equal to zero and it is available at real time. Furthermore, it ignores forecasting and reliability
issues of wind production and it results in an over commitment of conventional units, making these units
running at much lower levels of eﬃciency than under the approach adopting wind power forecasts. For this
reason, the fuel-saver approach results in large amounts of wind energy curtailment, of up to 30% of the
annual output at high levels of installed wind power [4]. The large integration of wind energy resources
into electrical systems leads to the necessity to modify the current industry procedures, such as the Unit
Commitment (UC) and the Economic Dispatch (ED), to take into account large amounts of wind power
production. Researchers have focused their attention on the improvement of the Security-Constrained Unit
Commitment (SCUC) formulation, taking into account wind energy resources, while others have developed
novel methods for solving the UC problem. Bart et al. presented the ﬁrst stage of the WILMAR model
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(Wind Power Integration in the Liberalised ElectricityMarkets) [7]; later, a more reﬁned UC algorithm based
on MILP approaches has been introduced in WILMAR. Tuohy et al. [8] studied the eﬀects of stochastic
wind on UC using the WILMAR model and extending their previous studies. Ummels et al. analyzed the
impacts of wind on the UC in the Dutch system, utilizing an ARMA model to consider the forecasting
error [9]. Bouﬀard and Galiana [10] developed a stochastic UC model to take into account wind power
generation and system security. Ruiz et al. [11] used a stochastic framework, already presented in [12], to
consider the uncertainty and the variability of wind power in the UC problem. Wang et al. [13] presented
a SCUC algorithm that considers also wind generation, capturing the uncertainty of wind in a number of
scenarios. Building on the previous results, we propose a new Unit commitment model in presence of
wind energy sources, that formulates and solves the problem of determining the best conﬁguration (optimal
mix) of available thermal, hydro and wind power plants. The proposed model is a generalized form of
the Unit Commitment problem, which takes into account conventional generating units (like thermal and
hydro power plants) and wind turbines; we call this model Generalized Wind Unit Commitment Problem -
(GWUCP).
2. Objectives of the Generalized Wind Unit Commitment Problem
The Generalized Wind Unit Commitment - (GWUC) model is based on the concept of subsets of units: it
is possible to choose only a part of the available generators, making a dynamic modiﬁcation of the given set
of generating units, in order to determine the best conﬁguration of generators (optimal mix), minimizing the
total production cost and satisfying the energy demand. The main diﬀerence between this novel model and
a classical UC one is that in the classical UC all the available units (conventional and not) are considered
committable for each time interval, satisfying the constraints of the model. On the other hand, additional
constraints are introduced in the GWUC model; these constraints are taken into account during all the
optimization scenario and individuate a subset of units that can be committed: the units that the solution of
the model chooses to not belong to these subsets will be never committed. In this way, subset constraints can
be used as external requirements, for instance related to regulatory laws, such as limited number of units of
a particular type; risk limits associated with not programmable sources; emissions constraints; geographical
distribution; reliability and security constraints; transmission constraints. In all these cases we do not know
a priori which is the single unit that is not committed, hence the classical UC model is not applicable,
while the GWUC model could represent a valid approach because the additional constraints are suﬃciently
general: here we have specialized them to geographical distribution, emission control, and risk limit.
The GWUC model is deﬁned as follows. Consider a set of thermal generating units P, a set of hydro
generating units H and a set of wind turbinesW. Thermal generating units belonging to the set P can be
grouped into subsets called S s, with respect to similar technical and operating characteristics. The same idea
can be applied to the case of wind turbines belonging to the setW. These units can be grouped into subsets
called Ee, with respect to similar technical and operating characteristics. On the other hand, we assume that
hydro generating units belonging to the setH are not grouped into subsets. In fact, the optimal mix depends
on the status of the units, as we will describe in the following sections, and no binary variables are necessary
to model the status of hydro units, since these power plants are not subjected to on/oﬀ constraints. For this
reason, we assume that hydro units are always available in the setH . Thermal units and wind turbines could
be grouped into subsets as depicted in the example of Fig. 1.
Assigned this data structure for thermal units and wind turbines, the objective of the GWUC model is
to analyze all the given subsets S s and Ee and to determine the optimal mix of thermal, hydro and wind
generating units, in order to satisfy the energy demand, minimizing the total production cost and respecting
the operating and technical constraints of the generating units. The optimal mix of generating units MOPT
has the following properties: i) it is a subset of the available thermal and wind generating units set, this means
that all the available units could be chosen in the optimal mix. In other words, we have MOPT ⊆ P ∪W; ii)
generating units which constitutes the optimal mix MOPT belong to subsets S s and Ee which satisfy certain
relationship criteria; this concept is better described in the sections 3.5 and 3.6. An example of optimal mix
of thermal and wind units is shown in Fig. 1. MT represents the optimal mix of thermal units, while ME is
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Fig. 1. Assigned data structure for the Generalized Wind Unit Commitment Problem.
the optimal mix of wind turbines; red dots indicate the thermal and wind units belonging to the optimal mix
MOPT . Subsets S s and Ee have some structural properties, as described below.
2.1. Properties of the subsets of units
The properties of the subsets of units are described below:
•
⋃nS−1
s=0 S s = P and
⋃nE−1
e=0 Ee =W→ the union of subsets S s (Ee) is equal to the given set of thermal
units P (wind unitsW) (where nS (nE) is the number of subsets S s (Ee) of thermal (wind) units);
• S s ∩ S s′  ∅ ∀s  s′ s, s′ = {0, . . . , nS − 1} and Ee ∩ Ee′  ∅ ∀e  e′ e, e′ = {0, . . . , nE − 1} →
subsets S s (Ee) could be not disjoint, a thermal (wind) unit could belong to diﬀerent subsets S s (Ee)
at the same time, with respect to its technical and operating characteristics.
In the following section, a mathematical model for the GWUCP is proposed and described.
3. Mathematical formulation of the GWUCP
The objective of the UC decision process is to select the generating units that have to be on or oﬀ, the
type of fuel that has to be utilized, the power generation level for each unit and the spinning reserve margins.
In GWUCP, the objective function includes also the operational costs related with the use of wind energy
sources, and the penalty terms associated with the energy deﬁcit or surplus produced by thermal and wind
units. In our model, we also assume that the objective function has a quadratic form with respect to the
power pit produced by the thermal unit i at time period t, as explained in [14].
Consider a set P of thermal units, a set H of hydro cascades, each comprising one or more basin units,
and a setW of wind turbines. T = {1, . . . , n} is the set of time periods deﬁning the time horizon (the time
period “0” will be used to indicate the initial conditions of the power system). Introducing status and power
production variables of the thermal units, uit (binary variable) and p
i
t (continuous variable), respectively,
with i ∈ P, t ∈ T , and introducing status, start-up, shut-down variables of the wind units, xwt , ywt , zwt (binary
variables), respectively, with w ∈ W, t ∈ T , the objective function of the UC, representing the total power
production cost to be minimized, has the following form
∑
i∈P
⎛⎜⎜⎜⎜⎜⎝si(ui) +
∑
t∈T
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ait(p
i
t)
2 + bit p
i
t + c
i
tu
i
t
)⎞⎟⎟⎟⎟⎟⎠ +
∑
w∈W
∑
t∈T
(
ewt x
w
t + f
w
t y
w
t + g
w
t z
w
t
)
+ Mθup + Mθdown (1)
where
• si(ui) is the start-up costs function of unit i, possibly time-dependent;
• ait is the quadratic term of power cost function of thermal unit i at period t, expressed in euro/MW
2;
• bit is the linear term of power cost function of thermal unit i at period t, expressed in euro/MW;
• cit is the constant term of power cost function of thermal unit i at period t, expressed in euro;
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• ewt is the power production cost of wind turbine w at period t, expressed in euro;
• f wt is the start-up cost of wind turbine w at period t, expressed in euro;
• gwt is the shut-down cost of wind turbine w at period t, expressed in euro;
• M is a suﬃciently high constant value (big M) for slack variables θdown and θup, expressed in MWh;
• θdown is a slack variable that represents the minimum energy deﬁcit (negative) or surplus (positive)
produced by thermal and wind units required to satisfy the exchange constraints for dmin, expressed
in MWh;
• θup is a slack variable that represents the maximum energy deﬁcit (negative) or surplus (positive)
produced by thermal and wind units, required to satisfy the exchange constraints for dmax, expressed
in MWh.
The form of the operating constraints for thermal units and hydro units shown in this work is based on
the classical UC formulation, which originated from the era of monopolistic markets. Nevertheless, this
approach has numerous applications even in the liberalized regime. Moreover, the approaches developed
for the classical UC can be easily extended to forms of the problem which are related with a market envi-
ronment. Power plants are subjected to technical constraints, depending on their type and characteristics.
The constraints that GWUCP inherits from classical UC models can be divided into operating constraints
and power balance constraints. Operating constraints diﬀer according to the type of unit. In the follow-
ing sections we omit for brevity the description of the operating constraints for hydro units, according to
their minor role in the speciﬁcity of GWUCP (the interested reader to the companion paper [5], where an
extensive description of the model is provided).
3.1. Operating constraints for thermal units
The operating requirements of thermal generating units are usually expressed by inequality constraints,
which are used to model the technical characteristics of the units. The typical thermal requirements of the
classical Unit Commitment problem are represented by the minimum up and down time constraints, the unit
generation capability limits and the ramp rate constraints.The description of these constraints is here omitted
for brevity (see [5], [14]).
Nevertheless, in order to properly model the concept of subsets and optimal mix, new additional con-
straints are required. In particular, we introduce a binary variable, called vth, which indicates if a thermal
unit belongs to the optimal mix (value 1) or not (value 0). As far as thermal units are concerned, a thermal
unit i should belong to the optimal mix MOPT in order to be used. In other terms uit → vith. A thermal unit
i belongs to the optimal mix MOPT if all the other constraints on vith are satisﬁed. Constraints on u
i
t and v
i
th
variables are thus deﬁned as follows
uit − vith ≤ 0 t ∈ T (2)
The constraints presented above represent the following logical implication uit → vith, that properly
relates the state of the thermal unit and the possibility of its participation in the optimal mix.
3.2. Operating constraints for wind turbines
In order to represent the technical restrictions of wind turbines, new constraints to model the operating
characteristics of this type of generating units are required. As it happens for thermal units, minimum
up and down time constraints, and unit generation capability limits are required (here omitted for brevity).
Furthermore, other constraints which are related to wind power output forecasts and curtailment are required
(see [5]).
In order to properly model the concept of subsets and optimal mix, new additional constraints are re-
quired. In particular, we introduce a binary variable, called vwind, which indicates if a wind unit belongs to
the optimal mix (value 1) or not (value 0). As far as wind units are concerned, a wind unit w should belong
to the optimal mix MOPT in order to be utilized. In other terms xwt → vwwind. A wind unit w belongs to the
optimal mix MOPT if all the other constraints on vwwind are satisﬁed. Constraints on x
w
t and v
w
wind variables are
thus deﬁned as follows
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xwt − vwwind ≤ 0 t ∈ T (3)
The constraints presented above represent the logical implication xwt → vwwind.
3.3. Power balance constraints
Global constraints express that at each time period t ∈ T forecast energy demand to be satisﬁed must be
balanced by the output energy produced by thermal, hydro and wind power plants. We assume that power is
constant in each time interval t (which is equal to one hour), so that energy and power produced at time t are
equivalent from a numerical point of view. Let dt be the forecast demand to be satisﬁed (measured in MWh)
in each time period t ∈ T , and let α j be the power-to-discharged-water eﬃciency coeﬃcient (measured in
MWh/m3) which represents the eﬃciency of hydro unit j (q jt represents the discharged water of hydro unit
j at time period t and it is measured in m3).
Global constraints are expressed as follows:
∑
i∈P
pit +
∑
h∈H
∑
j∈H(h)
α jq jt +
∑
w∈W
pwW,t = dt t ∈ T (4)
3.4. Exchange constraints for thermal and wind power plants
A thermal power plant (wind turbine) can be substituted by a wind turbine (thermal power plant). The
total output power produced by thermal and wind power plants which belong to the optimal mix must be
greater than a given minimum value and must be less than a given maximum value. The exchange constraints
for thermal and wind power plants are expressed as follows
∑
i∈P
pimaxv
i
th +
∑
w∈W
pwW,maxv
w
wind − θup ≤ dmax,
∑
i∈P p
i
minv
i
th + θdown ≥ dmin (5)
where dmin (dmax) is the minimum (maximum) energy demand that has to be satisﬁed by the system in
security and it is expressed in MWh. Variables vith and v
w
wind do not depend on time period t, but only on the
units i andw, because the optimal mix must be valid for all the planning horizonT . When the constraint with
dmin is considered, we assume that pwW,min = 0 since in this case the risk associated with the utilization of wind
energy sources is equal to zero. dmin and dmax do not represent the minimum and maximum demand of the
proﬁle curve, but they refer to a lower bound and an upper bound for the production system. In other words,
they are useful to dimension the minimum and maximum capacity of the production system. In general, this
is necessary in order to guarantee some required parameters like primary, secondary and tertiary reserves and
in order to make the system more tolerant to eventual failures. It is very diﬃcult to satisfy the relationship
constraints for thermal and wind power plants, since thermal and wind power plants are not comparable in
terms of power output. For these reasons, we introduce slack variables in order to relax these constraints.
A very high cost in the objective function (big M) is associated to these slack variables. In particular, θup
represents a power surplus over dmax that system can produce. Even if it is an acceptable situation from an
operating and a security point of view, it leads to high costs which are considered in the objective function.
θdown represents a power deﬁcit which must be overcome buying energy from external sources; this could be
a dangerous scenario from a system security point of view and it could lead to high costs which should be
considered in the objective function. The big M value should be big enough to penalize the slack variables
utilization. It could be assumed equal to the highest cost of the available thermal units.
3.5. Constraints on thermal generating units subsets
The main assumption of the Generalized Wind Unit Commitment model is that the thermal and wind
units are grouped into diﬀerent subsets according to the geographical site where they are located and to
their operating characteristics such as the type of fuel utilized, and the CO2 emissions rate (for thermal units
only). Based on these assumptions, the ﬁrst constraint introduced is related to the number of thermal units
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belonging to the optimal mix. In particular, the number of thermal units belonging to subset S s and to the
optimal mix must be less or equal than an assigned number nmaxS for the given subset S s:∑
i∈P
χisv
i
th ≤ nmaxS s = {0, . . . , nS − 1} , nmaxS ≤ |S s| (6)
The term nS represents the number of subsets S s of thermal generating units. The term χis is equal to 1
if the thermal unit i belongs to the subset S s, it is equal to 0 otherwise. All the terms χis for all the thermal
units i available constitute the Q matrix which describes the topology of the given subset S s. Based on what
described above, it is easy to observe that the quantity
∑
i∈P χ
i
sv
i
th represents the number of thermal units of
subset S s which also belong to thermal optimal mix MT . The following property holds:∑
i∈P
χisv
i
th ≤ |S s| (7)
The costs of thermal units belonging to subset S s and to the optimal mix must be less or equal than an
assigned cost of the units cmaxS for the given subset S s:∑
i∈P
χisv
i
thγ
i ≤ cmaxS s = {0, . . . , nS − 1} (8)
The term γi represents the cost associated to the thermal unit i. In our model, this cost has been deter-
mined considering the speciﬁc value of the CO2 emissions of the generating unit i. We have decided to limit
this type of cost in order to lead the model to choose for the optimal mix the units that posses the lowest value
of emissions, e.g., the units that are more ‘virtuous’ from this point of view, regardless the absolute value
of CO2 that they will emit after producing a certain amount of energy. This aspect diﬀerentiates the GWUC
model with subset constraints from a classical UC model with ‘emission control’, where the emissions are
considered as a cost in the objective function.
3.6. Constraints on wind turbines subsets
As far as wind units are concerned, the same assumptions on subsets are made. In particular, these
units are grouped into diﬀerent subsets according to the geographical site where they are located and to
their operating characteristics. Based on these assumptions, the ﬁrst constraint introduced is related to the
number of wind units belonging to the optimal mix. In particular, the number of wind turbines belonging to
subset Ee and to the optimal mix must be less or equal than an assigned number nmaxE for the given subset
Ee:
∑
w∈W
rwe v
w
wind ≤ nmaxE e = {0, . . . , nE − 1} , nmaxE ≤ |Ee| (9)
The term nE represents the number of subsets Ee of wind generating units. The term rwe is equal to 1 if
the wind unit w belongs to the subset Ee, it is equal to 0 otherwise. All the terms rwe for all the wind units
w available constitute the R matrix which describes the topology of the given subset Ee. Based on what
described above, it is easy to observe that the quantity
∑
w∈W r
w
e v
w
wind represents the number of wind units of
subset Ee which also belong to thermal optimal mix ME . The following property holds:∑
w∈W
rwe v
w
wind ≤ |Ee| (10)
The costs of wind turbines belonging to subset Ee and to the optimal mix must be less or equal than an
assigned cost of the units cmaxE for the given subset Ee:∑
w∈W
rwe v
w
windβ
w ≤ cmaxE s = {0, . . . , nE − 1} (11)
The term βw represents the cost associated to the wind unit w.
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3.7. Risk constraints correlated to the use of wind turbines
In order to complete the formulation described above, it is very useful to investigate the possibility of
introducing a measure of the expected risk, expressed in probability terms, correlated to the utilization of
wind power plants in an electrical system. The probability risk Pbwt is the probability associated to the
happening of a given event, which, in our case, is represented by the deﬁcit of a part of energy (the power
pwW,t produced in 1 hour is numerically equal to the energy) that wind turbines w ∈ W have not produced in
the time interval t with respect to the total energy demand to satisfy (dt). For each wind unit w ∈ W and
each time interval t ∈ T we have
Pbwt = r
w
t ·
pwW,t
dt
(12)
whererwt is the ‘risk coeﬃcient’ which is calculated as follows:
rwt =
(
1 + log
(
1 +
wt
pwW,t
))
and
pwW,t
dt
is the amount of wind energy with respect to the total demand, which represents the usage of
wind energy.
Based on these calculations, the risk coeﬃcient takes into account the wind forecast error wt (for each
time interval t and each wind turbinew) with respect to the average forecast power pwW,t. The risk is calculated
as the amount of the real wind power used pwW,t (e.g., that has been calculated by the GWUC model) actually
associated with the risk coeﬃcient. The risk coeﬃcient could be calculated as the simple percentage of the
forecast error with respect to the forecast wind power, e.g. rwt =
wt
pwW,t
. This way, when the forecast error is
zero, the risk will be zero regardless of the amount of wind energy used to satisfy the demand. Moreover,
when the forecast error is equal to wind nominal power output, the risk coeﬃcient will be equal to 1, and
the risk will be only correlated with the amount of wind energy used. These scenarios are not realistic from
a practical point of view. Using a logarithmic form allows us to obtain a partially smoother curve of the
risk coeﬃcient making it move in a limited range: when the forecast error is zero, the risk coeﬃcient will
be equal to 1, and the risk overall will be only correlated to the amount of wind energy used; on the other
hand, when the forecast error is greater than zero, the risk coeﬃcient has only the ability to amplify the risk.
The risk probability for each Pbwt could be bounded as follows Pb
w
t ≤ Pb
w
t where Pb
w
t is a constant given
in input, expressed in probability terms, which represents an upper limit on the risk allowed by the system.
It is possible to determine a global risk, possibly bounded, associated to the planning horizon T for all the
wind turbines w ∈ W, as follows Pb = ∑t,w∈T ,W rwt · pwW,tdt .
3.8. How to generate realistic input data for the GWUC problem
As described in the previous sections, the Generalized Wind Unit Commitment Problem (GWUCP)
has been deﬁned and implemented taking into account risk and subset constraints which are related to
emissions considerations. In order to analyze the performances of the new model, we have to set a suitable
and realistic instance as input of the Unit Commitment problem. This instance should have at least three
types of generating units, such as conventional thermal, hydro, and wind units. Each type of unit should
be diﬀerent with respect to the class of power, the ramp-rate limits, the type of fuel utilized, the emission
rate, the geographical area, the reservoir limits, wind forecast speed, and wind forecast error. In order to set
this instance, we studied the topology of the Italian energy production system, in terms of type and number
of units utilized, taking into account the statistical data reported by Terna S.p.A. [15], and then realized a
data instance which represents the topology of the Italian electrical system, with dimensions scaled about
1:5 with respect to the real system power capacity. Our data instance is composed by 65 thermal units, 55
hydro units and 32 wind units (see [5] for further details).
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4. Results and discussion
We performed diﬀerent simulations (50) in order to verify with a signiﬁcant data set the behavior of
the model with respect to the risk, the variability of the subsets, the limits on the minimum and maximum
capacity of the system, the restrictions on the CO2 emissions used as a cost in the subset constraints. Some
of the main results obtained with these simulations are presented in the following sections (see [5] for a
complete overview).
4.1. Analysis of the UC models
In order to compare the diﬀerent types of UC models present in the literature, we analyzed the shape of
the objective function with respect to the use of wind energy sources, considering the average use of wind
over a 24 hours time horizon and the maximum hourly use of wind over a 24 hours time horizon.
Fig. 2 compares four diﬀerent types of UC models:
1. standard UC: this formulation does not take into account wind generating units;
2. wind UC: this formulation considers also wind generating units that are integrated in the solution of
the UC problem, but that are not associated with risk considerations;
3. fuel saver UC: in this formulation the energy demand that has to be satisﬁed does not take into account
the amount of forecast energy that should be produced by wind units;
4. GWUC: as it happens for wind UC, in this formulation wind generating units are integrated in the
solution of the UC problem and they are associated with risk considerations, correlated with the
forecast error which can be controlled (limited).
(a) Objective function vs av-
erage wind usage (risk).
(b) Objective function vs
maximum wind usage (risk).
Fig. 2. Objective function vs wind usage (risk).
(a) Objective function vs
wind hour constraint risk
limit.
(b) Percentage of wind usage
vs wind hour constraint risk
limit.
Fig. 3. Objective function and percentage of wind usage vs wind
hour constraint risk limit.
Based on the Wind UC model, the graphs depicted in Fig. 2, which show the objective function with
respect to the use of wind energy, can be divided in four areas, where the models can be placed in theory.
In the ﬁrst area, we can ﬁnd the UC models which are characterized by a high objective function and a high
risk. This type of model is not interesting at all from a practical point of view. In the second area, we can
ﬁnd the UC models which are characterized by a lower objective function associated with a higher risk.
Placed in this area, we can ﬁnd the fuel saver UC model. In the third area, we can ﬁnd the UC models which
are characterized by a lower objective function associated with a lower risk. In theory, the models belonging
to this area should be further investigated, but they are not realizable from a practical point of view, since it
is not possible to reduce the objective function reducing at the same time the use of an energy source at a
lower cost (in this case wind) and consequently the risk with respect to a conventional energy source. In the
extreme side of the fourth area, we can ﬁnd the standard UC models which are characterized by the highest
objective function correlated with a risk and a wind use equal to zero. Within the fourth area, we can ﬁnd the
GWUC model which is characterized by a control of the risk. Thus, this model ‘moves’ from the standard
UC model to the wind UC model and vice versa.
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4.2. Analysis of the risk correlated with the use of wind energy sources
In order to analyze the risk correlated with the use of wind energy sources, we limited the percentage
of the global Pbwt , which has been deﬁned as described in section 3.7. Fig. 3(a) shows that the objective
function decreases when the use of wind energy increases. The objective function becomes stable when all
wind farms are used (in this case, the risk is the highest and the model corresponds to the wind UC one). The
value of the percentage depends on the instance and on the demand that has to be satisﬁed; for this reason,
the result is typical of the instance itself. Fig. 3(b) shows the variation of the use of wind (average and
hourly maximum) with respect to the limit imposed on the risk (percentage of Pbwt ). It is very interesting
to observe that the average use tends to increase when the risk increases, while the value of the maximum
risk rapidly reaches the limit. It is possible to explain this behavior analyzing the data of the instance, since
when the risk increases, wind farms with higher dimensions are preferred, in order to de-commit the thermal
power plants, determining a higher hourly risk.
(a) Number of thermal units in
the optimal mix vs max number
of thermal units allowed.
(b) Number of thermal units in
the optimal mix vs delta % O.F.
Fig. 4. Analysis of the number of units in the optimal mix.
(a) Number of units in the opti-
mal mix vs % CO2 reduction.
(b) g CO2 /KWh vs % CO2 re-
duction.
Fig. 5. Analysis of the number of units in the optimal mix vs
emission constraints.
4.3. Analysis of the inﬂuences of the subset constraints on the GWUC solution
In order to analyze the inﬂuences of the subset constraints on the GWUC solution, we study the in-
ﬂuences on the GWUC solution of the constraints that limit the number of thermal units belonging to as-
signed subsets, in particular the sets regarding the type of fuel; moreover, we study the inﬂuences on the
GWUC solution of the constraints that limit the total value that characterizes the rate of CO2 emissions (g
of CO2/KWh). In the ﬁrst case we performed 5 diﬀerent simulations, limiting the maximum number of one
or more groups of units in the optimal mix, with respect to the fuel used. The objective of these simulations
is to verify the eﬀectiveness of the subset constraints in the modiﬁcation of the optimal mix and how these
constraints aﬀect the objective function, making it increase. It is possible to demonstrate the expected result
observing Fig. 4(a): if the number of available units in the optimal mix is overall constrained, a consequent
reduction of the units utilized is determined. Nevertheless, the increase of the objective function with re-
spect to the not constrained case is not so high (less than 1%); for instance, when a 37% reduction of the
units belonging to the optimal mix is obtained, the objective function increases only 0.2%. Fig. 4(b) shows
the constrained sets and the distribution of the optimal mix after the application of the constraints (which
are marked with a red hexagon), with respect to the variation of the objective function, represented on the
abscissa axis. It is interesting to observe that, for this particular instance, if the constraints are applied on 35
of the subsets a strong reduction of the number of the units belonging to the optimal mix is obtained, but the
quality of the solution and the objective function are not aﬀected. Furthermore, the constraints on the sub-
sets of the thermal units do not aﬀect wind units, which are still used, while they inﬂuence the distribution
of the hourly load between the thermal and the hydro components (not shown here).
In the second case, we performed 9 simulations, limiting the constraints on the ‘cost’ of the n-th subset.
We considered the geographical subset, while the speciﬁc value of the CO2 emissions has been used to
determine the cost of the generating unit i. As explained previously, we have decided to limit this type
of cost in order to lead the model to choose for the optimal mix the units that posses the lowest value of
emissions, e.g., the units that are more ‘virtuous’ from this point of view, regardless the absolute value of
CO2 that they will emit after producing a certain amount of energy. This aspect diﬀerentiates the GWUC
model with subset constraints from a classical UC model with ‘emission control’, where the emissions are
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considered as a cost in the objective function. If we analyze Fig. 5(a), it is possible to observe that when
the reduction of the CO2 emission increases, e.g., the constraints become stronger, as the number of thermal
units belonging to the optimal mix decreases (when a reduction of 70% of the value of the speciﬁc emission
is required, a reduction of 50% of thermal units used is obtained (from 52 to 27)), and the objective function
slightly increases (approx +1%). We do not observe a modiﬁcation of the use of the wind units, since as
smaller variability of thermal production is absorbed by the hydro component. Fig. 5(b) shows the reduction
of the average value of CO2 emissions of the thermal units belonging to the optimal mix.
5. Conclusions and directions for future work
In this work, a new Unit Commitment model in presence of wind energy sources has been deﬁned and
analyzed in order to formulate and solve the problem of determining the best conﬁguration (optimal mix)
of available thermal, hydro and wind power plants. A generalized form of the Unit Commitment problem,
called Generalized Wind Unit Commitment Problem - (GWUCP), which takes into account conventional
generating units (like thermal and hydro power plants) and wind turbines, has been evaluated. The new
model allows to analyze how the characteristics of the UC solution are inﬂuenced by the introduction or the
substitution of power plants in the set of the available generating units. In particular, it has been possible
to analyze how the UC solution is aﬀected by the introduction of new generating units (conventional and
wind power plants), or by the substitution of conventional generating units with wind turbines. In contrast
to the classical UC models and the typical wind UC models, in the GWUC formulation wind generating
units are integrated in the solution of the UC problem and furthermore they are also associated with risk
considerations; moreover, as far as emissions considerations are concerned, the GWUC model can be driven
to choose the optimal mix w.r.t. the value of emissions.
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